Abstract. Spin reorientation transitions (SRTs) of Ni/Cu(001) induced by Fe depositions were investigated using x-ray magnetic circular dichroism (XMCD) method. In-plane magnetized Ni films (<9 ML) exhibited the SRT twice; first, a small deposition (<1 ML) of Fe caused a transition to perpendicular magnetization. Second, further Fe deposition (1 to 2 ML in total) caused a return to in-plane magnetization. Perpendicularly magnetized Ni films (>10 ML) also exhibited a transition to in-plane by 1 to 2 ML Fe deposition. The Fe orbital to spin magnetic moment ratio in 2 ML were investigated with the depth-resolved XMCD technique, leading to the results that the top layer had a large orbital to spin magnetic moment ratio for perpendicular direction, while the bottom layer had a large orbital to spin magnetic moment ratio for in-plane direction. Magnetic anisotropy energies of Fe were determined in the depth-resolved way from the moment analyses. The mechanisms of the SRTs were successfully explained by the obtained magnetic anisotropy energies.
INTRODUCTION
Fe thin films on Cu(001) have been studied as a typical case of magnetic thin films energetically. Fe films with a thickness below 4 ML exhibit a ferromagnetic coupling among a whole film, while those with a thickness between 5 and 11 ML exhibit a unique behavior: The top two layers couple ferromagnetically to each other and the inner layers are either antiferromagnetic below 200 K (the Néel temperature) [1] , or in a spin-density wave state below 170 K [2] . The phase transition to a bcc state is observed above 11 ML [3] , and the magnetization easy axis changes to the in-plane direction.
In the case of Ni films on Cu(001), anomalous spin reorientation transition (SRT) has been investigated during the last decade. Ni films on Cu(001) exhibit spin reorientation transition (SRT) twice with increasing Ni film thickness [4, 5, 6, 7] . Ni/Cu(001) films have in-plane magnetization up to 7-10 monolayers (ML). Thicker Ni films exhibit perpendicular magnetization up to ∼40 ML. The second SRT takes place gradually from perpendicular to in-plane above ∼40 ML [4, 5, 6, 7] . A Ni film show a pseudomorphic growth on Cu(001). The in-plane lattice constant of a Ni film increases to match the Cu substrate lattice constant to some extent, while the interlayer spacing is reduced [8] . This tetragonal lattice distortion induces a positive volume magnetic anisotropy energy K v which favors perpendicular magnetization. The lattice mismatch strain of Ni/Cu(001) is gradually relaxed above ∼11 ML, which is the critical thickness for pseudomorphic growth [8] . This relaxation diminishes the volume part of the magnetic anisotropy energy, which results in the second SRT.
Very recently, it was revealed that in-plane magnetized Ni films (<9 ML) undergo the SRT to perpendicular magnetization with a small amount (<1 ML) of Fe, while the films exhibit in-plane magnetization at further Fe mild deposition. Perpendicularly magnetized Ni films (>10 ML) also exhibited a transition to in-plane by 1 to 2 ML Fe deposition [9, 10] .
In order to clarify the origin of these SRTs, orbital to spin magnetic moment ratios of Fe were obtained from conventional x-ray magnetic circular dichroism (XMCD) measurements for 0.1 to 2 ML Fe thickness [10] . Large values were observed for perpendicularly magnetized Fe below 1 ML. At 2 ML, however, there was little difference in the moment ratios between perpendicular and in-plane magnetization. The origin of the second SRT was thus explained by the apparent vanishment of the perpendicular anisotropy when Fe thickness reaches at 2 ML. Indeed the above explanation is reasonable, but it is unclear what the anisotropies of the top layer and bottom layer individually are at Fe thickness of 2 ML on Ni films.
In this report, the Fe orbital to spin magnetic moment ratio in 2 ML were investigated with the depth-resolved XMCD technique, leading to the results that the top layer has a large moment ratio for perpendicular direction, while the bottom layer has a large moment ratio for inplane direction.
EXPERIMENTS
Fe and Ni films were deposited by an electron-beam evaporation on a Cu(001) single crystal, which was cleaned by repeated cycles of Ar + sputtering of 1.5 keV and annealing at 900 K, in an ultrahigh vacuum chamber (base pressure of 3×10 −8 Pa). The film thicknesses were monitored with in situ reflection high energy electron difraction observations in order to prepare perpendicularly magnetized Fe(2 ML)/Ni(22 ML)/Cu(001) and in-plane magnetized Fe(2 ML)/Ni(8 ML)/Cu(001) films for this study.
XMCD measurements were carried out with synchrotron radiation emitted downwards from the electron orbit of the storage ring by 0.4 mrad, which is ∼80% circularly polarized. The sample was magnetized using pulsed current through a coil (about 700 Gauss) oriented along the x-ray propagation direction. Fe L-edge x-ray absorption spectra (XAS) were measured with the field parallel and antiparallel to the fixed photon helicity and XMCD spectra were obtained from the difference of the two spectra. The direction of magnetization was examined using XMCD spectra at normal (90 • ) and grazing (30 • ) x-ray incidence, which are referred to as "NI" and "GI".
Depth-resolved XMCD measurements [11] were performed by an imaging type microchannel plate detector with the partial electron yield mode, applying a retarding voltage of 500 V to collect Fe LMM Auger electrons. The probing depth was controlled by varying the electron detection angle, as depicted in Ref. [11] .
All the experiments were performed at BL-7A and BL-11A of the Photon Factory at the Institute of Materials Structure Science, High Energy Accelerator Research Organization.
RESULTS & DISCUSSION
To study the magnetic moments of 2 ML Fe films on Ni/Cu(001), the depth-resolved XMCD technique was applied to two types of magnetic thin films. one is an Fe(2 ML)/Ni(22 ML)/Cu(001) film, which has perpendicular magnetization. The other is an in-plane magnetized Fe(2 ML)/Ni(8 ML)/Cu(001) film.
We applied the sum rules [12, 13] to the Fe L-edge spectra from the two types of Fe/Ni/Cu(001) films to ob- tain magnetic moments. There are shown probing depth dependences of the ratio of the orbital to spin magnetic moment (M l /M s ) of the two films in Fig. 1 .
Here, we assumed a complete layer by layer growth for the Fe films. In this model, the detected XMCD signal, y, is represented by the following formula;
where x and a denote the probing depth and interlayer distance, respectively. By fitting Eq. (1) to the plots of the moment ratios, the moment ratio of the top (first) layer (M (top) ) and that of the bottom (second) layer (M (bottom) ) were obtained. These moment ratios were 0.114 and 0.077 for perpendicularly magnetized 2 ML Fe (Fig. 1a) , and 0.075 and 0.116 for in-plane magnetized one (Fig. 1b) .
According to the previous works [14, 15] , the magnetic anisotropy energy (MAE), K, is proportional to the orbital moment difference, ΔM l , between perpendicular and in-plane magnetization:
The proportionality factor F for iron is reported as some different values, but we obtained this factor 2 ± 0.8 meV/μ B experimentally [10] . We assume the spin magnetic moment 2.2 μ B in order to describe the orbital moment difference, ΔM l .
The MAEs of the top and bottom layers of 2 ML Fe are represented as K 2-ML top and K 2-ML bottom , respectively. These are estimated as follows:
These results show that the top layer has a tendency to magnetize in the perpendicular direction, and the bottom layer, which is the interface layer facing to Ni layers, favors in-plane magnetization. The latter tendency agrees with previous reports [16, 17] .
The MAEs obtained by conventional XMCD measurements are K 1-ML (Fe) = 140 ± 60 μeV/atom and K 2-ML (Fe) = 9 ± 10 μeV/atom reported in the previous work [10] . Here, K 1-ML (Fe) represents the MAE of the single Fe layer and K 2-ML (Fe) that of the 2 ML Fe. Note that the sum of K 2-ML top and K 2-ML bottom is small, and this small value agrees with the K 2-ML (Fe) well, showing that 2 ML Fe has little magnetic anisotropy.
Next, the large positive value of K 2-ML top is so similar to the K 1-ML (Fe) . These both values correspond to the surface Fe layer, and we can conclude the perpendicular magnetic anisotropy results from surface effects. Thus, the first SRT is fairly due to the surface effect of the Fe layer.
SUMMARY
The Fe orbital to spin magnetic moment ratio in 2 ML were investigated with the depth-resolved XMCD technique, leading to the results that the top layer has a large moment ratio for perpendicular direction, while the bottom layer has a large moment ratio for in-plane direction. In other words, the top layer has perpendicular magnetic anisotropy due to surface effects, and the bottom layer favors in-plane magnetization.
These results agrees with the conventional XMCD measurements for 0.1 to 2 ML Fe thickness [10] well.
